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Edited by Lukas HuberAbstract Induction of type-IIA secreted phospholipase A2
(sPLA2-IIA) expression by bacterial components other than lipo-
polysaccharide has not been previously investigated. Here, we
show that exposure of alveolar macrophages (AM) to Neisseria
meningitidis or its lipooligosaccharide (LOS) induced sPLA2-
IIA synthesis. However, N. meningitidis mutant devoid of LOS
did not abolish this eﬀect. In addition, a pili-defective mutant
exhibited signiﬁcantly lower capacity to stimulate sPLA2-IIA
synthesis than the wild-type strain. Moreover, pili isolated from
a LOS-defective strain induced sPLA2-IIA expression and nu-
clear factor kappa B (NF-jB) activation. These data suggest
that pili are potent inducers of sPLA2-IIA expression by AM,
through a NF-jB-dependent process.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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factor kappa B1. Introduction
Neisseria meningitidis is a commensal bacterium of the hu-
man nasopharynx that may provoke invasive infections lead-
ing to a life threatening septic shock [1]. As for other Gram
negative bacteria, meningococcal endotoxin is considered to
be a major determinant in the pathogenesis of septic shock
[1]. The endotoxin of N. meningitidis is devoid of O-antigen
side chains and is therefore referred to as lipooligosaccharide
(LOS) [2].
The cellular phospholipases A2 (PLA2s) catalyze the hydro-
lysis of phospholipids at the sn-2 position, leading to the gen-
eration of free fatty acids, such as arachidonic acid (AA), the
precursor of eicosanoids, involved in inﬂammation [3–5].Abbreviations: AA, arachidonic acid; AM, alveolar macrophages;
LOS, lipooligosaccharide; NF-jB, nuclear factor kappa B; PLA2,
phospholipase A2; sPLA2-IIA, type-IIA secreted PLA2
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doi:10.1016/j.febslet.2005.06.067PLA2s are classiﬁed into two major classes: the low molecular
weight secreted PLA2 (sPLA2) and the high molecular weight
intracellular PLA2s [4,5]. The sPLA2 are classiﬁed into several
types. Type-IIA sPLA2 (sPLA2-IIA) plays an important role
in inﬂammatory diseases and septic shock [4]. We have previ-
ously shown that LPS induces the expression of sPLA2-IIA in
guinea pig and rat models of acute lung injury [6,7] and that
alveolar macrophages (AM) are a major source of this
enzyme [6].
Increasing data from the literature suggest that not only
lipopolysaccharide (LPS) but also other bacterial components
are involved in the induction of inﬂammation [8–10] through
the interaction with speciﬁc receptors. However, it remains
unknown whether bacterial components other than LPS are
able to induce sPLA2-IIA expression. Analysis of the induction
of sPLA2-IIA expression by N. meningitidis is of great interest
since this enzyme has been shown to play a role in the develop-
ment of inﬂammatory reaction, a key process in the pathogen-
esis of meningococcal disease [1]. The present study was
undertaken to investigate the eﬀect of N. meningitidis on the
induction of sPLA2-IIA expression in AM and whether
bacterial components other than LPS can be involved in this
induction.2. Materials and methods
2.1. Material
2.1.1. Chemicals. GCB and RPMI-1640 media and Escherichia coli
055:B5 LPS were from Difco Laboratories (Detroit, MI). MG-132 was
from Sigma (St. Louis, MO). Hexadecanoyl-2-(1-pyrene-decanoyl)-sn-
glycero-3-phosphoglycerol (PG) was from Interchim (Montluc¸on,
France). Nylon membranes were purchased from Amersham (Buck-
ingham, UK) and [c-32P]ATP from ICN Biochemical (Orsay, France).
2.1.2. Bacterial strains and culture conditions. N. meningitidis
strains used in this study (Table 1) were grown on GCB medium con-
taining Kelloggs supplement as previously described [11] for 18 h at
37 C in 5% CO2. When needed, the culture medium was supplemented
with kanamycin at the ﬁnal concentration of 40 lg/ml.
2.2. Assays with puriﬁed N. meningitidis LOS and pili
LOS and pili were puriﬁed from N. meningitidis clone 12 and from
its LOS-defective mutant Z02-01, as previously described [2,13]. The
LOS ﬁnal concentrations incubated with AM are expressed as col-
ony-forming units (CFU)-equivalent concentrations. For example,
when AM were incubated with LOS amounts extracted from 106
CFU, the LOS ﬁnal concentration was expressed as 106 CFU-equiva-
lent/ml.blished by Elsevier B.V. All rights reserved.
Fig. 1. Determination of sPLA2-IIA activity in AM after incubation
with N. meningitidis. AM were incubated with the indicated concen-
trations of live (empty histographs) or killed (black histographs) N.
meningitidis for 24 h. sPLA2-IIA activity was measured as detailed in
Section 2.4 and is expressed as the % of sPLA2-IIA activity compared
to saline-treated AM. \P < 0.05 and \\P < 0.01 as compared to saline-
treated AM.
Table 1
Meningococcal strains used in this study
Strain Relevant characteristics Reference
Clone 12 Derivative of the serogroup C strain LNP8013 wild-type strain for pilE, lpxA and rfaD [12]
Z02-01 LOS-defective, lpxA mutant of clone 12 [13]
Z-2 Deep-rough LOS, rfaD mutant of clone 12 [13]
DpilE Pili-defective mutant of clone 12 [13]
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AM from 3 guinea pigs per experiment were obtained from broncho-
alveolar lavages, as previously described [6]. AM were resuspended at
106/ml in antibiotic-free RPMI 1640 medium for 20 h in the presence
or absence of various N. meningitidis strains or puriﬁed bacterial ex-
tracts, either heat-inactivated (10 min at 100 C) or not. In some exper-
iments, AM were pretreated with 0.1 lMMG-132 or its vehicle DMSO
(0.5%) for 30 min before exposure to bacterial extracts or E. coli LPS.
After incubation, the culture medium was removed and AM lysates
prepared as previously described [6].
2.4. Measurement of sPLA2–IIA activity
AM were lysed by ultrasonication with a MSE soniﬁer (Annemasse,
France) in an ice bath. The measurements of sPLA2-IIA activity were
performed after the addition of ﬂuorescent phospholipid PG by using a
Jobin et Yvon JY3D spectroﬂuorometer (see [6]).
2.5. PCR analysis of sPLA2-IIA mRNA expression
Total RNA extraction and cDNA generation were performed
according to Guillot et al. [14]. PCR was performed using speciﬁc
primers (Genset, Evry, France) for guinea pig sPLA2-IIA (sense, 5
0-
ACA AGT TAT GGC GCC TAT-3 0; antisense 5 0-GCC CAG TGT
AGC TGT GAA-3 0). As an internal control, we used primers for the
detection of guinea pig b-actin (sense, 5 0-AAA CTG GAA CGG
TGA AGG TG-3 0; antisense, 5 0-TCA AGT TGG GGG ACA AAA
AG-3 0). Ampliﬁcations were performed using Q-BioTaq polymerase
(Qbiogene, Ilkirch, France). For the detection of sPLA2-IIA, the ther-
mocycling protocol was as follows: denaturation at 95 C for 45 s,
annealing at 59 C, for 45 s for 40 cycles, and extension at 72 C, for
b-actin the annealing was 64 C for 28 cycles.
2.6. Nuclear extracts and electrophoretic mobility shift analysis
(EMSA)
Nuclear proteins were extracted as previously described [15]. Gel
shift assay was performed after incubation of protein extracts with
[c-32P]ATP labeled nuclear factor kappa B (NF-jB)-double-stranded
oligonucleotides corresponding to a NF-jB-binding site consensus se-
quence: 5 0-GATCATGGGGAATCCCCA-3 0 [15].
2.7. Assessment of cell viability
Cell viability was checked by the trypan blue dye exclusion and lac-
tate dehydrogenase (LDH) assays using a commercial kit from Boeh-
ringer (Mannheim, Germany).
2.8. Statistical analysis
Values are presented as means ± SE of at least three independent
experiments performed in duplicate. Statistical analyses were per-
formed using Students t test for unpaired data.
3. Results
3.1. Eﬀect of live and heat-killed N:meningitidis on sPLA2-IIA
expression
Exposure of AM to live N. meningitidis clone 12 led to a con-
centration-dependent increase in the levels of sPLA2-IIA activ-
ity with a maximum eﬀect observed with an inoculum of 104
CFU/ml, but decreased at higher bacterial concentrations to
reach basal values (Fig. 1). This decrease was associated with
a cytopathic eﬀect at bacterial concentrations over 105 CFU/
ml (data not shown). However, when AM were exposed toheat-killed bacteria an increase in sPLA2-IIA activity was ob-
served, with the maximum eﬀect being observed for 106 CFU/
ml. Analysis of the substrate speciﬁcity revealed that this en-
zyme is a sPLA2-IIA (data not shown). PCR analysis showed
that both live and heat-killed N. meningitidis induced accumu-
lation of sPLA2-IIA mRNA in AM (Fig. 2).
3.2. Eﬀect of LOS on sPLA2-IIA expression
LOS puriﬁed from N. meningitidis stimulated sPLA2-IIA
expression in a concentration-dependent manner within a con-
centration range from 105 to 107 CFU-equivalent/ml (Fig. 3).
This was accompanied by an increase of sPLA2-IIA mRNA
(Fig. 4). The LOS-defective lpxA mutant induced sPLA2-IIA
expression at levels equivalent to those observed with the
wild-type strain (Fig. 5A). Prior heating of this mutant signif-
icantly reduced its ability to stimulate sPLA2-IIA expression
(Fig. 5B). This reduction was observed even at the highest dose
of 106 CFU/ml (Fig. 5C). These eﬀects were accompanied by a
parallel increase in sPLA2-IIA mRNA levels (Fig. 2).
Similar increases in sPLA2-IIA activity were obtained when
AMwere exposed to the live rfaDmutant (Fig. 5A), which only
expresses the lipid A and KDO moieties of the LOS molecule
[13]. However, the loss of stimulating eﬀect of this mutant by
heat-inactivation seemed to depend on the bacterial concentra-
tion. Indeed, heat-inactivation reduced the stimulatory eﬀect
of the rfaD mutant at 104 (Fig. 5B compared to Fig. 5A), but
not at 106 CFU/ml (Fig. 5C compared to Fig. 5A).
Fig. 2. Induction of sPLA2-IIA mRNA expression by exposure to N. meningitidis strains. (A) Eﬀect of live bacteria. AM were incubated with saline
(control), or bacterial suspensions standardized at 104 CFU/ml of N. meningitidis clone 12 (W.T.), or its isogenic mutants, lpxA, or DpilE. (B) Eﬀect
of 106 CFU/ml of heat-killed bacterial strains tested in A. sPLA2-IIA mRNA expression was analyzed by PCR. Upper panels show sPLA2-IIA and
b-actin mRNA expression and lower panels show sPLA2-IIA mRNA expression normalized against b-actin.
Fig. 4. Induction of sPLA2-IIA mRNA expression by exposure to N.
meningitidis extracts. AM were incubated with saline (control), 1 lg/ml
of E. coli LPS (LPS), 106 CFU-equivalent/ml of N. meningitidis LOS
(LOS), 3000 ng/ml of N. meningitidis pili (pili), or 3000 ng/ml of heated
N. meningitidis pili (heated pili).
Fig. 3. Stimulatory eﬀect of puriﬁed LOS on the levels of sPLA2-IIA
activity. AM were incubated with increasing concentrations of LOS
puriﬁed from N. meningitidis for 24 h, before the measurement of
sPLA2-IIA activity. The concentrations of LOS are expressed as CFU-
equivalent concentrations/ml (see Section 2) \\P < 0.01 as compared to
saline-treated AM.
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N. meningitidis pili enhanced in a concentration-dependent
manner sPLA2-IIA activity (Fig. 6A). This was accompanied
by a marked increase of sPLA2-IIA mRNA levels (Fig. 4). This
eﬀect of pili was unlikely due to a possible contamination by
LOS, since pili were puriﬁed from the LOS-defective strain
Z02-01 and since their stimulatory eﬀect was heat-labile
(Fig. 4), by contrast with the heat-resistant eﬀect of LOS (data
not shown).
The pili-defective (DpilE) mutant induced sPLA2-IIA expres-
sion at lower levels to those observed with the wild-type strain
(Fig. 5A). Heat-killing of this strain reduced its ability to stim-
ulate sPLA2-IIA synthesis when AM were exposed to 10
4
CFU/ml (Fig. 5B). However, by increasing the bacterial inoc-
ulum up to 106 CFU/ml, the DpilE mutant stimulatory eﬀect
was equivalent to that of the wild-type strain (Fig. 5C).3.4. Implication of NF-jB in pili-induced sPLA2-IIA expression
Pili induced a concentration-dependent NF-jB transloca-
tion in the nucleus (Fig. 6C). Pre-incubation of AM with
MG-132, known to inhibit NF-jB translocation, before the
addition of pili, inhibited pili-induced sPLA2-IIA synthesis
(Fig. 6B) as well as NF-jB- activation (Fig. 6C). Both basal
and pili-induced sPLA2-IIA synthesis were inhibited by MG-
132.4. Discussion
LPS is a potent stimulus of inﬂammation caused upon infec-
tion by Gram-negative bacteria, by inducing the expression of
a number of genes involved in inﬂammation, mainly via the
Fig. 5. Eﬀect of LOS and pili deletion on N. meningitidis-induced
sPLA2-IIA activity. AM were incubated with 10
4 CFU/ml of live wild-
type N meningitidis (W.T.) or live isogenic mutants for 24 h (A). In (B)
and (C), AM were incubated with 104 CFU/ml (B) or 106 CFU/ml (C)
of heat-killed N. meningitidis W.T. and isogenic mutants for 24 h. The
results are expressed as the percentage of sPLA2-IIA activity in saline-
treated AM. \P < 0.05, \\P < 0.01, compared to the values observed in
AM incubated with wild-type N. meningitidis.
Fig. 6. Stimulatory eﬀect of puriﬁed pili on sPLA2-IIA activity and
NF-jB translocation. (A) sPLA2-IIA activity in AM that were
incubated with increasing concentrations of pili for 24 h. (B) Eﬀect
of MG-132 on pili-induced sPLA2-IIA activity. AM were treated
30 min with 0.1 lM MG-132 or its vehicle and incubated for 24 h with
3000 ng/ml of pili. (C) Eﬀect of pili on NF-jB activation. AM were
incubated with pili for 2 h before EMSA analysis. AM were incubated
with saline (1), 30 ng/ml pili (2), 300 ng/ml pili (3), 3000 ng/ml pili (4),
3000 ng/ml pili + MG-132 (5), 3000 ng/ml heated pili (6). \P < 0.05
and \\P < 0.01 as compared to saline-treated AM. The results in (C)
are representative of three independent experiments.
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cate that bacterial components other than LPS are able to in-
duce the expression of these genes. The eﬀects of various
bacterial components are mediated by newly discovered recep-
tors belonging to the TLR family (for review see [8–10]). LPS
has been shown to stimulate sPLA2-IIA expression in various
experimental models [4,15,16]. This enzyme plays a major role
in innate defense both via its bactericidal [17] and pro-inﬂam-
matory activities (for review see [4,16]). However, whether bac-
terial virulence factors other than LPS are able to induce
sPLA2-IIA expression remains to be investigated.
The present study shows that LOS, puriﬁed from N. menin-
gitidis, stimulates sPLA2-IIA synthesis by AM, thus conﬁrm-
ing our previous studies with LPS from E. coli and P.
aeruginosa [4]. Live wild-type bacteria, particularly at a rela-
tively low dose 104 CFU/ml, induced sPLA2-IIA expression,
suggesting that the bacterial components involved in this
induction are accessible to the host receptors. Heat-killed bac-
teria also induced sPLA2-IIA expression indicating the
involvement of a heat-stable bacterial component such as
LOS in this induction. However, we found that a LOS-defec-
tive N. meningitidis mutant still induced sPLA2-IIA synthesisand that heat-inactivation of this mutant markedly reduced
its ability to stimulate PLA2-IIA expression. This strongly sug-
gested that, in the absence of LOS, sPLA2-IIA expression
might be induced by heat-labile bacterial constituent(s). Pili
appeared be one of these constituents. Indeed (i) pili puriﬁed
from the LOS-deﬁcient mutant induced sPLA2-IIA expression;
(ii) the eﬀect of pili was heat-labile and (iii) a pili-defective mu-
tant exhibited a decreased capacity to induce sPLA2-IIA
expression as compared to the wild-type strain (Fig. 5A and
B). However, this decrease was not observed at high bacterial
concentration (i.e., 106 CFU/ml) in which the levels of LOS are
probably suﬃcient to compensate the lack of pili-associated
stimulation (Figs. 2 and 5C).
Our results also show that pili induced sPLA2-IIA expres-
sion in AM via a NF-jB-dependent pathway. Indeed, incuba-
tion of these cells with pili led to a marked activation of NF-jB
nuclear translocation, and inhibition of this process by MG-
132, a proteasome inhibitor known to interfere with NF-jB
activation, strongly reduced pili-induced sPLA2-IIA expres-
sion. However, the receptor(s) and the signaling pathways in-
L. Touqui et al. / FEBS Letters 579 (2005) 4923–4927 4927volved in pili-induced sPLA2-IIA expression remain to be
investigated. N. meningitidis was previously found to be toxic
for human epithelial and endothelial cells due to a synergistic
eﬀect of LOS and pili [18].
In conclusion, the present study shows thatN.meningitidis pili
are potent inducers of sPLA2-IIA expression. Pili, also called
ﬁmbriae, are proteic micro-ﬁlaments located at the cell surface
of various bacteria and function as adhesins (review see [19]).
Induction of sPLA2-IIA expression in AM by N. meningitidis
pili suggests that the type-IV meningococcal pili, besides their
role as major adhesins, are endowed with pro-inﬂammatory
properties. The importance of this process in the pathogenesis
of meningococcal infection is under investigation.
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